Akr1p, which contains six ankyrin repeats, was identified during a screen for mutations that displayed synthetic lethality with a mutant allele of the bud emergence gene BEM1. Cells from which AKR1 had been deleted were alive but misshapen at 30؇C and inviable at 37؇C. During a screen for mutants that required one or more copies of wild-type AKR1 for survival at 30؇C, we isolated mutations in GPA1, which encodes the G ␣ subunit of the pheromone receptor-coupled G protein. (The active subunit of this G protein is G ␤␥ , and G ␣ plays an inhibitory role in G ␤␥ -mediated signal transduction.) AKR1 could serve as a multicopy suppressor of the lethality caused by either loss of GPA1 or overexpression of STE4, which encodes the G ␤ subunit of this G protein, suggesting that pheromone signaling is inhibited by overexpression of Akr1p. Mutations in AKR1 displayed synthetic lethality with a weak allele of GPA1 and led to increased expression of the pheromoneinducible gene FUS1, suggesting that Akr1p normally (and not just when overexpressed) inhibits signaling. In contrast, deletion of BEM1 resulted in decreased expression of FUS1, suggesting that Bem1p normally facilitates pheromone signaling. During a screen for proteins that displayed two-hybrid interactions with Akr1p, we identified Ste4p, raising the possibility that an interaction between Akr1p and Ste4p contributes to proper regulation of the pheromone response pathway.
The binding of peptide mating pheromones to their G protein-coupled receptors in Saccharomyces cerevisiae leads to the activation of a mitogen-activated protein (MAP) kinase cascade that effects changes in gene expression, the formation of mating projections, and cell cycle arrest (38) . At the top of this cascade is MAP kinase kinase kinase kinase Ste20p (44) , which binds to and can be activated by the GTP-bound (active) form of the Rho-type GTPase Cdc42p (37, 45) (Fig. 1) . Both Cdc42p and Cdc24p, which is a guanine nucleotide exchange factor that promotes the binding of GTP by Cdc42p (46) , are required for efficient pheromone signaling (37, 45) .
It is not clear how G ␤␥ contributes to the activation of Ste20p's kinase activity toward MAP kinase kinase kinase Ste11p (44) . One model is that G ␤␥ stimulates the guanine nucleotide exchange factor activity of Cdc24p toward Cdc42p. This possibility is supported by the finding that Ste4p (G ␤ ) displays a two-hybrid interaction with Cdc24p (45) . However, although mutationally activated Cdc42p can bypass the need for Cdc24p in pheromone signaling, activation of Cdc42p is not sufficient to stimulate the pheromone response pathway in the absence of pheromone (37, 45) . Thus, the manner by which G ␤␥ promotes signal transduction must involve more than its possible role in the activation of Cdc42p.
A second possible role for G ␤␥ is to promote the binding of Ste20p to Ste11p. Genetic, two-hybrid, and coimmunoprecipitation data suggest that Ste4p binds to Ste5p (43) , which is a scaffolding protein that binds to Ste11p, the MAP kinase kinase Ste7p, and the MAP kinases Fus3p and Kss1p (12, 30) (Fig. 1) . By binding to both Cdc24p and Ste5p, G ␤␥ could help bring Ste11p near to activated Cdc42p. If Ste20p is bound to Cdc42p, this could result in bringing together Ste20p and its target Ste11p.
It is also possible that G ␤␥ plays a role in helping Cdc42p discriminate between its different potential targets, promoting the binding of Cdc42p specifically to Ste20p. Cla4p, a kinase that is similar in sequence to Ste20p and that can bind to GTP-bound Cdc42p, is a potential alternative target of Cdc42p (14) . CLA4 was identified during a screen for mutants that displayed synthetic lethality with mutations in CLN1 and CLN2, which encode G 1 -type cyclins (15) . It is thus likely that Cla4p acts in a process that is regulated by Cln1/Cln2-dependent kinase. Consistent with this view, deletion of CLA4 leads to defects in cytokinesis, a process that begins during the assembly of the bud site, at the time in the cell cycle when Cln1/Cln2-dependent kinase is active (14) .
There exists at least one other yeast kinase that was identified by the genome sequencing project (GenBank accession number Z48149), that is similar in sequence to Cla4p and Ste20p, and that is therefore a likely target of Cdc42p. This kinase (''Cla4-like'' in Fig. 1 ) is more similar in sequence to Cla4p than to Ste20p and so is more likely to have functions that are similar to those of Cla4p than to those of Ste20p.
CDC42 and CDC24 were originally identified on the basis of their roles in bud emergence (1, 18) , a process that involves cell cycle-regulated rearrangements of cytoskeletal elements, including the assembly (or capture) of cortical actin patches at the presumptive bud site. Since there is as yet no evidence that Cla4p and Ste20p control the organization of actin, there may also exist other targets for Cdc42p (e.g., phospholipid kinases or actin-binding proteins) that mediate Cdc42p's effects on actin organization.
Although the functions of Ste20p appear to overlap with those of Cla4p, phenotypic analyses of ste20 and cla4 mutants suggest that Ste20p is principally involved in the pheromone response pathway and not in cytokinesis, whereas Cla4p is mainly required for cytokinesis and not for pheromone response (14, 22, 31) . (It is not yet known whether Cla4p, like Ste20p [23] , is involved in pseudohyphal development.) It thus seems likely that Cdc42p discriminates between Ste20p and Cla4p, activating Ste20p in response to the actions of G ␤␥ and activating Cla4p in response to the actions of Cln-dependent kinase (Fig. 1) .
SH3 domain-bearing protein Bem1p was discovered on the basis of its involvement in bud emergence (4, 9) and mating projection formation (10, 11) . Both of these processes require asymmetric reorganizations of cortical actin patches and the localization of cell growth to a discrete region in the cell. Bem1p binds to Cdc24p (28) and so might play a role in the assembly of signaling and morphogenetic complexes containing Cdc24p and Cdc42p (Fig. 1) . To learn more about the roles of Bem1p, we previously screened for mutations that displayed synthetic lethality with a mutant allele of BEM1 (28) . Four complementation groups of mutants that were also temperature sensitive (Ts Ϫ ) for viability were isolated. One group carried mutations in CDC24, supporting the view that the function of Bem1p is linked to that of Cdc24p. A second was mutant for BEM2, which encodes a GTPase-activating protein that can stimulate the GTPase activity of yeast Rho-type GTPase Rho1p (28) . In the present study, we present evidence from genetic, phenotypic, and two-hybrid studies that AKR1, the third gene that was identified from the screen, is required for normal morphogenesis and inhibits pheromone signaling.
MATERIALS AND METHODS
Plasmids, strains, and media. The plasmids and strains used in this study are described in Tables 1 and 2 . Plasmid pPB590, which contains akr1-⌬1::URA3, was made in multiple steps as follows. First, the 1.1-kb HindIII-HindIII fragment of DNA from pPB569 ( Fig. 2) , which contains sequences from the 3Ј end of AKR1, was inserted into the HindIII site of pBR322. Into the SalI-PvuII sites of the resulting plasmid was then inserted a 560-bp SalI-PvuII fragment of DNA bearing sequences from the 5Ј end of AKR1 (from positions 184 to 0 in Fig. 2B ). (In addition to containing the 184-bp SalI-Sau3A segment of AKR1, this 560-bp fragment also happened to contain an adjoining 190-bp Sau3A-SphI segment of the tetracycline resistance gene [from pPB569] fused to a 190-bp SphI-PvuII segment of M13mp19.) A 1.5-kb BamHI-BamHI, URA3-bearing fragment from URA3-M13 (28) was then inserted into the BamHI site of the resulting plasmid to give pPB590. In this plasmid, the segment of AKR1 between codons 13 and 747 is replaced with URA3.
The media used in this study were YPD (1% yeast extract, 2% peptone, and 2% glucose), YPGalRaf (YPD with 3% galactose and 2% raffinose instead of glucose), SC (0.17% yeast nitrogen base without amino acids and ammonium sulfate, 0.5% ammonium sulfate, 2% glucose, 20 g of uracil per ml, 80 g of L-leucine per ml, 20 g of adenine sulfate per ml, 20 g of L-histidine per ml, 20 g of L-tryptophan per ml, 20 g of L-methionine per ml, and 30 g of L-lysine per ml), SCϪLeu (SC without L-leucine), SCϪLeuϩAde (SCϪLeu containing 40 g of adenine sulfate per ml), SCϪTrpϪLeu (SC without L-tryptophan and L-leucine), SCϪTrpϪLeuϩAde (SCϪTrpϪLeu containing 40 g of adenine sulfate per ml), SCϪTrpϪLeuϪHis (SCϪTrpϪLeu without L-histidine), and SCϪUra (SC without uracil).
Microscopy. Cells were fixed in 5% formaldehyde and stained with 0.2 g of DAPI (4Ј,6-diamidino-2-phenylindole) per ml in 1 mg of p-phenylenediamine per ml essentially as previously described (29) . Cells were mounted under a coverslip and photographed with a Zeiss Axioplan fluorescence microscope using a 100ϫ Plan-Neofluor oil immersion objective.
Screen for mutants that require one or more copies of AKR1 for survival. Saturated cultures of strains PY655, PY657, PY658, and PY659 grown in SCϪLeu were diluted in water and plated on YPD to give approximately 2,000 colonies per plate. Cells were mutagenized to 10% survival by UV irradiation. Plates were incubated at 30ЊC for 5 days and then stored at 4ЊC to allow the red color to develop. Uniformly red colonies were streaked twice on YPD to confirm that they displayed the mutant nonsectoring (Sect Ϫ ) phenotype. To check for recessiveness of the Sect Ϫ phenotype, all PY655-and PY657-derived Sect Ϫ mutants were crossed with Y388 (MATa AKR1 ade2 ade3) and all PY658-and PY659-derived Sect Ϫ mutants were crossed with Y382 (MAT␣ AKR1 ade2 ade3). Mating mixes were incubated for 1 day on YPD, diploids were then selected by streaking on SCϪTrpϪLys, and cells from isolated colonies of the diploids were streaked on YPD to assay for sectoring. Each recessive mutant was transformed with AKR1-bearing plasmid pPB723 and control plasmid YEp24. Those mutants that became Sect ϩ when transformed with pPB723 and remained Sect Ϫ when transformed with YEp24 were judged to require AKR1 itself (as opposed to ADE3 or LEU2) from pPB672 for survival.
Two-hybrid methodologies. The two-hybrid screen was performed with strain L40, which has the HIS3 and lacZ reporter genes under the control of LexA. L40 containing plasmid pPB659 was transformed with a cDNA library fused to the transcriptional activation domain (AD) of GAL4 (S. Elledge, Baylor College of Medicine). Transformants were selected on SCϪTrpϪLeu and then replicated to SCϪLeuϪTrpϪHis. His ϩ transformants were restreaked on SCϪTrpϪLeu plates. Colonies were imprinted onto Whatman 50 filter paper, frozen on dry ice, and incubated in Z buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , and 50 mM ␤-mercaptoethanol; pH 7.0) containing 0.3 mg of X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) per ml. Colonies were scored for the development of blue color 6 h after incubation at 30ЊC. Plasmids were recovered from the yeast cells and analyzed as previously described (28) . A portion of each library insert adjacent to the AD was sequenced with primer TACCACTACAATGGATG.
Quantitative ␤-galactosidase activity assays. For the two-hybrid tests (see Table 6 ), cultures were grown at 30ЊC in SCϪTrpϪLeuϩAde. For the assays to determine the basal level of pFUS1-lacZ expression (see Table 7 ), cultures were grown at 24ЊC in SCϪLeuϩAde (for plasmid-bearing strains Y1036 and Y1030) and SCϪUra (for plasmid-bearing strains Y1029 and Y1008). Cells from exponentially growing cultures were harvested at an optical density at 600 nm of between 0.2 and 0.6. All cultures were washed three times in Z buffer, and ␤-galactosidase activities were determined at 30ЊC as previously described (32) .
The assays to measure the pheromone-induced levels of pFUS1-lacZ expression (see Table 8 ) were performed as described above, except for the following changes. Exponentially growing cultures of Y1056 carrying the indicated plasmids were grown in SCϪUra at 24ЊC to an optical density at 600 nm of between 0.3 and 0.5. ␣-Factor (Sigma Chemical Co., St. Louis, Mo.) was then added to a final concentration of 0.02 g/ml, and the cultures were incubated for an additional 4 h at 24ЊC.
Halo assays. A 0.4-ml portion of exponentially growing cultures at approximately 10 6 cells per ml was plated onto the appropriate selective medium (SCϪUra or SCϪLeu). Sterile filter disks (diameter, 0.25 in. [0.635 cm]; Difco Laboratories, Detroit, Mich.) containing 15-l aliquots of ␣-factor at either 10 or 20 g/ml were then placed on the lawns, and the plates were incubated at 24ЊC for two days.
Nucleotide sequence accession number. The sequence of the AKR1 locus was deposited in the GenBank database (accession number L31407).
RESULTS
Identification and molecular characterization of AKR1. We previously used an ADE3/ade2 ade3-based colony-sectoring assay to screen for mutants that required one or more copies of wild-type BEM1 for survival at 30ЊC (28) . The basis for the colony-sectoring assay is that bem1 ade2 ade3 cells that carry FIG. 1. Model in which G ␤␥ and Cln-dependent kinase promote the formation of alternative Cdc42p-bearing signaling complexes. In this model, G ␤␥ promotes the formation of a signaling complex containing Cdc42p and Ste20p, and Cln-dependent kinase promotes the formation of a signaling complex containing Cdc42p and Cla4p. A MAP kinase cascade that is different from the one involved in pheromone signaling is predicted to be regulated by Cla4p. Cla4-like is a kinase whose function might be similar to that of Cla4p.
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on January 11, 2018 by guest http://mcb.asm.org/ wild-type BEM1 on an ADE3-bearing plasmid are red. However, when grown on nonselective (e.g., YPD) medium, such cells form colonies that contain white sectors (Sect ϩ phenotype) because of the propagation of cells that lost the plasmid. In contrast, mutants that are dependent upon BEM1 for survival form uniformly red colonies that lack white sectors (Sect Ϫ phenotype), because those cells that have lost the plasmid are inviable. For convenience, we chose to study only those Sect Ϫ mutants that were Ts Ϫ for survival at 37ЊC. On the basis of complementation analysis of the Ts Ϫ growth phenotype, Sect Ϫ mutants PY858, PY859, and PY860 were judged to be in the same complementation group (group III [28] ). From a low-copy-number genomic library based in YCp50 (33), we isolated a plasmid (pPB569) that could rescue both the Ts Ϫ growth defect (at 37ЊC) and the Sect Ϫ phenotype (at 30ЊC) of all group III mutants. The complementing region was localized by subcloning and then sequenced (Fig. 2 ). It contains a single large open reading frame (Fig. 2B ) which we call AKR1 (for ankyrin repeat containing) and whose inferred product contains six copies of the ankyrin repeat ( Fig. 2B and  3A) . Ankyrin repeats are 33-amino-acid-long sequences that are present in a diverse set of proteins (26) , including proteins that play roles in the organization of the cortical cytoskeleton (e.g., ankyrin [24] ), proteins that are involved in signal transduction (e.g., Notch [41] and Cactus [20] ), and inhibitors of cyclin-dependent kinases (e.g., p16 [35] and Pho81p [34] ). On the basis of hydropathy analysis, Akr1p has several potential membrane-spanning stretches, the first and most hydropathic of which is marked in Fig. 2B . Akr1p also contains a region with similarity to the inferred products of five open reading frames that were identified during genome-sequencing projects but about which little is known (Fig. 3B) .
To investigate the function of AKR1, we deleted it from a/␣ strain Y246 by gene replacement with a 3.8-kb ClaI-PvuII (both sites from within pBR322 sequences), akr1-⌬1::URA3-bearing fragment of DNA from pPB590 (Materials and Methods). The success of the deletion in Ura ϩ transformant Y927 was confirmed by Southern analysis on chromosomal DNA from Y246, Y927, and each segregant from a tetrad derived from Y927 (data not shown). Ura ϩ (akr1-⌬1::URA3) segregants from Y927 were viable but somewhat misshapen at 25ЊC, and they became more misshapen and died at 37ЊC. Most of these cells were elongated and multinucleate and appeared to be defective in cytokinesis (Fig. 4) .
Diploids formed by crossing various akr1-⌬1::URA3 strains with group III mutants PY858, PY859, and PY860 were Ts Ϫ for growth at 37ЊC (data not shown), supporting the view that each of the group III mutants is indeed defective in AKR1 function.
Genetic interactions between AKR1 and GPA1. To identify proteins whose functions are linked to Akr1p, we screened for mutants that required one or more copies of wild-type AKR1 for survival at 30ЊC. We employed the ADE3/ade2 ade3-based colony-sectoring assay described above, using akr1-1 ade2 ade3 strains bearing wild-type copies of AKR1 and ADE3 on a highcopy-number plasmid (pPB672). In previous synthetic lethal Plasmids that could suppress the Sect Ϫ phenotypes of a descendant of PY778 (strain PY809) and a descendant of (Fig. 3B) is marked with brackets, and the most hydropathic stretch is shaded. All SalI (179), SphI (572), PstI (2527), and relevant Sau3AI (1) and HindIII (2388) sites are capitalized in boldface type.
these considerations, we speculated that PY778 and PY744 were both defective in GPA1 and that MAT␣ was isolated as a suppressor of gpa1 because of the ability of MAT␣, when in combination with endogenous MATa (in PY809 and PY810), to prevent pheromone signaling.
The following analysis indicates that AKR1 can indeed serve as a multicopy suppressor of gpa1 and that the mutation responsible for the Sect Ϫ phenotype of PY778 is tightly linked to GPA1. A null allele of gpa1 (gpa1::URA3) was transplaced, by homologous recombination, into the diploid formed by crossing PY778 (putatively gpa1) and Y382 (GPA1). PCR analysis confirmed that the resulting Ura ϩ transformants PY852 and PY839 had become (heterozygously) gpa1::URA3 (data not shown). All of the viable Ura ϩ (gpa1::URA3) segregants analyzed from PY852 and PY839 were Sect Ϫ ( Table 4 ), indicating that deletion of GPA1 caused cells to require multiple copies of AKR1 for survival. All of the Ura Ϫ segregants analyzed from PY852 were Sect Ϫ , and all of the Ura Ϫ segregants analyzed from PY839 were Sect ϩ ( Table 4 ). The failure to recover Ura Ϫ Sect ϩ recombinants from PY852 or Ura Ϫ Sect Ϫ recombinants from PY839 indicates that the mutation that is responsible for the Sect Ϫ phenotype of PY778 is tightly linked to the GPA1 locus. (We infer that, in PY839, gpa1::URA3 recombined into the same chromosome [contributed by PY778] that contained the mutation responsible for the original Sect Ϫ phenotype of PY778 and that, in PY852, gpa1::URA3 recombined into the opposite chromosome.) In combination with the above findings that GPA1 can suppress the Sect Ϫ phenotype of PY778 and that AKR1 can serve as a multicopy suppressor of a null allele of gpa1, these data strongly suggest that the mutation responsible for the Sect Ϫ phenotype of PY778 is in GPA1 itself.
In crosses between PY744 (akr1-1, putatively gpa1) and AKR1 GPA1 strain Y382, tetrads in which all four segregants were viable but in which three or four of the segregants were Sect ϩ were isolated (data not shown), suggesting that PY744 may contain a partial-loss-of-function allele of gpa1 that is not lethal by itself but which becomes lethal in an akr1 mutant. Because the ability of akr1 to display synthetic lethality with gpa1 addresses the issue of whether Akr1p at normal dosage (and not just when overexpressed) can affect pheromone signaling, we explored this potential synthetic-lethal relationship further. In a cross between PY744 and an akr1-1 strain containing a URA3-tagged copy of wild-type GPA1 (strain Y957), all of the analyzed tetrads were of the parental ditype (Sect Ϫ Ura Ϫ or Sect ϩ Ura ϩ [ Table 5 ]), indicating that the mutation responsible for the Sect Ϫ phenotype is tightly linked to the GPA1 locus. Combined with the previous finding that GPA1 on a low-copy-number plasmid can suppress the Sect Ϫ phenotype of PY744, these linkage data strongly suggest that PY744 does indeed contain a mutant allele of GPA1, which we call gpa1-744. In a cross between PY744 and GPA1 akr1-⌬1::URA3 strain PY1014, approximately half of the Sect Ϫ segregants were Ura ϩ ( Table 5 ), indicating that the Sect Ϫ phenotype caused by gpa1-744 is not dependent upon the particular mutant allele of akr1 that was used in the synthetic-lethal screen.
To confirm that gpa1-744 displays synthetic lethality with akr1 (rather than that the gpa1-744 mutation, by itself, causes cells to require multiple copies of AKR1 for survival), we crossed gpa1-744 akr1-⌬1::URA3 strain PY1054 to both a gpa1-744 AKR1 strain (Y994) and a GPA1 AKR1 strain (Y382). As shown in Table 5 , all of the AKR1 (Ura Ϫ ) segregants from both crosses were Sect ϩ , indicating that the wild-type AKR1 from the genome is sufficient to prevent gpa1-744 mutants from requiring the AKR1-bearing plasmid for survival. All of the akr1-⌬1::URA3 segregants were Sect Ϫ in the cross involving Y994 (in which all of the segregants were predicted to be gpa1-744), whereas only approximately half of the akr1 segregants were Sect Ϫ in the cross involving Y382 (in which only approximately half of all of the segregants were predicted to be gpa1-744), as predicted by the model in which akr1-⌬1::URA3 displays synthetic lethality with gpa1-744.
To investigate whether any of the other Sect Ϫ mutants that were isolated in the screen for mutants that required one or more copies of AKR1 for survival were defective in GPA1 function, we investigated the ability of GPA1, borne on a lowcopy-number plasmid, to suppress the Sect Ϫ phenotype of the remaining 36 mutants. Both of the PY659-derived mutants, 1 of the 6 PY655-derived mutants, 5 of the remaining 8 PY657-derived mutants, and 15 of the remaining 20 PY658-derived mutants became Sect ϩ when transformed with the GPA1-bearing plasmid but not when transformed with an empty vector (data not shown), suggesting that most of the Sect Ϫ mutants were indeed defective for GPA1. The analysis of the 13 remaining Sect Ϫ mutants will be presented elsewhere. Genetic and two-hybrid interactions between AKR1 and STE4. To identify proteins that associate with Akr1p, we screened a yeast cDNA library for genes whose products displayed two-hybrid interactions with a DNA-binding domain of LexA (DBD)-Akr1p fusion (Materials and Methods). Nine clones that caused high levels of expression of a lacZ reporter gene when in combination with DBD-Akr1p but that gave no induction of lacZ when in combination with a control DBD fusion to human nuclear lamin were isolated. Sequence analysis revealed that three of the clones contained AD fusions to the 13th codon of GCS1, which encodes a putative Zn 2ϩ finger-bearing protein implicated in the exit of cells from stationary phase (19) ; one contained a fusion to the C-terminal 47 VOL. 16, 1996 Akr1p AND PHEROMONE RESPONSE 173
on January 11, 2018 by guest http://mcb.asm.org/ codons of the gene for 6-phosphogluconate dehydrogenase (GenBank accession no. U17155); and four contained open reading frames fused, in reverse orientation, to the AD (transcriptional AD of GAL4). These backward clones contained the gene for ribosomal subunit L2 (twice), GPM1 (encoding phosphoglycerate mutase), and a novel open reading frame. Of greatest potential relevance to the present study was the finding that one of the library clones (plasmid pPB922) con- tained an in-frame fusion to STE4, which encodes the G ␤ subunit of the pheromone receptor-coupled G protein. This fusion contained all but the first 24 codons of STE4. The DBD-Akr1p fusion could also display a two-hybrid interaction with an AD fusion to full-length STE4 ( Table 6 ), indicating that the interaction is not due to a special property of the truncated version of STE4 that was isolated from the screen.
The finding that Akr1p can display a two-hybrid interaction with Ste4p raises the possibility that Akr1p inhibits pheromone signaling by blocking the binding of G ␤␥ to its target (or targets). Another possibility is that Akr1p itself is a target of G ␤␥ and that the binding of G ␤␥ to Akr1p inhibits the negative effects of Akr1p on pheromone signaling. Consistent with either general model, we found that AKR1 could serve as a multicopy suppressor of the lethality that is caused by overexpression of STE4 from a GAL promoter construct (Fig. 5) .
We considered the possibility that if Akr1p inhibits G ␤␥ function, it might do so by inhibiting the release of G ␤␥ from the pheromone receptors. To investigate this possibility, we asked whether the a-factor receptor (Ste3p) is required in ␣ cells for AKR1 to serve as a multicopy suppressor of the lethality caused by loss of G ␣ . As shown in Table 4 Sensitivity of akr1 and bem1 mutants to pheromone. To investigate further whether Akr1p normally inhibits the pheromone response pathway, we asked whether deletion of AKR1 leads to increased expression of pheromone-inducible gene FUS1. The basal level of expression of FUS1 is due to a constitutive, low level of activity of the signaling pathway that is present even in the absence of pheromone (39) . To assay FUS1 expression, we measured the ␤-galactosidase activity of two akr1-⌬1::ura3 strains that carried an integrated version of a pFUS1-lacZ reporter construct. Such cells expressed three-to fourfold more ␤-galactosidase activity in the absence of AKR1 than when AKR1 was carried on a low-copy-number plasmid (Table 7 , strains Y1030 and Y1036), supporting the view that AKR1 normally inhibits pheromone signaling. Increasing the copy number of AKR1 (with a high-copy-number plasmid) decreased further the basal level of expression of pFUS1-lacZ, as expected (Table 7) . Although Akr1p clearly affects the basal level of pFUS1-lacZ expression, deletion of AKR1 had no significant effect on the pheromone-induced level of pFUS1-lacZ ( Table 8 ).
Given that AKR1 was identified on the basis of a genetic interaction with BEM1, we were curious to know whether Bem1p also affects pheromone signaling. As shown in Table 7 , cells from which BEM1 had been deleted (strains Y1008 and Y1029) expressed approximately one-sixth the amount of pFUS1-lacZ as did the same cells carrying a wild-type copy of BEM1 on a low-copy-number plasmid, suggesting that Bem1p a The proteins that are fused to the DBD and the transcriptional AD are indicated. Assays were performed with strain L40 bearing combinations of the following plasmids: pCTC52 (DBD-lamin), pPB659 (DBD-AKR1), pACTII (AD), and pKB40.1 (AD-STE4).
b ␤-Galactosidase activities are given as the average value from four independent transformants (see Materials and Methods). Each measured value was within 60% of the average. c -, AD alone.
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on January 11, 2018 by guest http://mcb.asm.org/ is required for efficient pheromone signaling. To explore this point further, we asked whether bem1 mutants displayed decreased sensitivity to pheromone in the pheromone arrest halo assay. In this assay, a filter disk containing ␣-factor is added to a freshly plated lawn of cells. The growth-arresting effect of ␣-factor later results in a cleared area of no growth in the lawn near the disk. As shown in Fig. 6 , whereas deletion of AKR1 led to a slight increase in the sizes of the halos, deletion of BEM1 had the opposite effect. From these data, we conclude that Bem1p does indeed facilitate pheromone signaling.
DISCUSSION
Overexpression of Akr1p can suppress the lethality caused by constitutive activation (e.g., because of loss of G ␣ or overexpression of G ␤␥ ) of the pheromone response pathway, suggesting that Akr1p can inhibit pheromone signaling. The findings that a partial-loss-of-function allele of gpa1 becomes lethal in the absence of AKR1, that loss of AKR1 leads to increased expression of pheromone-inducible gene FUS1, and that akr1 mutants display increased sensitivity to the growth-arresting activity of ␣-factor suggest that Akr1p at normal dosage inhibits the pheromone response pathway.
Deletion of BEM1 leads to decreased expression of FUS1 and to decreased sensitivity to the growth-arresting effects of pheromone, suggesting that Bem1p, in contrast to Akr1p, promotes pheromone signaling. Given that Bem1p binds to Cdc24p and that Cdc24p and Cdc42p are required for efficient pheromone signaling, it seems likely to us that Bem1p plays a role in the assembly or activation of a G ␤␥ -responsive signaling complex containing Cdc42p.
Akr1p and Bem1p appear to play only modest roles in pheromone signaling, and cells from which either gene has been deleted mate well (unpublished observations). In contrast, deletion of AKR1 or BEM1 has severe effects on cell morphology Y1030 (akr1-⌬1::ura3) pRS315 (empty, low copy) 31 Ϯ 7 pPB741 (AKR1, low copy) 7.4 Ϯ 0.7 pPB672 (AKR1, high copy) 4.0 Ϯ 0.4 Y1036 (akr1-⌬1::ura3) pRS315 (empty, low copy) 28 Ϯ 8 pPB741 (AKR1, low copy) 7.6 Ϯ 2.9 pPB672 (AKR1, high copy) 2.9 Ϯ 0.8 Y1008 (bem1::LEU2) pRS316 (empty, low copy) 0.6 Ϯ 0.1 pCY361 (BEM1, low copy) 3.0 Ϯ 0.5 Y1029 (bem1::LEU2) pRS316 (empty, low copy) 0.8 Ϯ 0.4 pCY361 (BEM1, low copy) 5.2 Ϯ 1.6 a ␤-Galactosidase activities are given as the means Ϯ the standard deviations for values derived from five or six independent transformants for Y1036 and Y1030 and from eight independent transformants for Y1029 and Y1008. 2 a ␤-Galactosidase activities are given as the average values derived from three or four independent transformants of Y1056 (pFUS1-lacZ akr1-⌬1-ura3 bar1::LEU2) prior to the addition of ␣-factor (0 h) and 2 and 4 h after the addition of ␣-factor to 0.02 g/ml. All measured values were within 10% of the averages. and viability. These effects occur even in a/␣ diploids, which cannot respond to pheromone, suggesting that Akr1p and Bem1p play important roles in cellular morphogenesis that are distinct from their roles in pheromone signaling. In some strains, loss of BEM1 causes cells to become large, round, and multinucleate (4, 9, 10) . These phenotypes, combined with physical and genetic interactions linking Bem1p to Cdc24p (28) and Cdc42p (25b), suggest that Bem1p functions with Cdc24p and Cdc42p in bud emergence. Deletion of AKR1 causes cells to become elongated and to display apparent cytokinesis defects. Although these phenotypes do not resemble the bud emergence defects of bem1, cdc24, and cdc42 mutants, they do resemble those defects caused by loss of Cla4p, which is a putative target of Cdc42p.
A model that accommodates both Akr1p's effects on pheromone signaling and the morphological defects of akr1 mutants is one in which Akr1p promotes the formation or activation of Cdc42p-bearing signaling complexes that contain Cla4p or other targets to the exclusion of those that contain Ste20p. If Cla4p competes with Ste20p for binding to Cdc42p, then loss of AKR1 could result in both diminished signaling involving Cla4p and increased signaling involving Ste20p.
The identification of Ste4p (G ␤ ) during a screen for proteins that displayed two-hybrid interactions with Akr1p raises the possibility that the binding of Ste4p to Akr1p plays a role in pheromone signaling. Although other two-hybrid interactions involving Akr1p (e.g., with Gcs1p) were readily detected in both haploids and a/␣ diploids, we failed to detect a two-hybrid interaction between Akr1p and Ste4p in a/␣ cells (unpublished data), raising the possibility that G ␥ , which is not expressed in a/␣ diploids (42), may be required for the interaction between Ste4p and Akr1p.
We imagine two possible roles for the potential interaction between Akr1p and G ␤␥ . One possibility is that Akr1p merely acts to antagonize the ability of G ␤␥ to promote the formation of a functional signaling complex containing Cdc42p, Ste20p, and Ste11p (Fig. 1) . Alternatively, Akr1p could itself be one of the targets of G ␤␥ , and the binding of G ␤␥ to Akr1p might, for example, prevent Akr1p from inhibiting the formation of a functional signaling complex containing Cdc42p, Ste20p, and Ste11p. In future studies, we will investigate whether Akr1p affects the ability of Cdc42p to discriminate among its different potential targets.
